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Abstract

Background: Proton radiotherapy (PRT) may be associated with less neurocognitive

risk than photonRT (XRT) for pediatric brain tumor survivors.We compared neurocog-

nitive and academic outcomes in long-term survivors treated with XRT versus PRT.

Methods: Survivors underwent neurocognitive evaluation >1 year after craniospinal

(CSI) or focal PRT or XRT. Groups were compared using separate one-way analyses of

covariance for the CSI and focal groups.

Results: PRT (n = 58) and XRT (n = 30) subgroups were similar on gender (66% male),

age at RT (median = 6.5 years), age at follow-up (median = 14.6 years), and govern-

ment assistance status (32%). PRT and XRT focal groups differed on follow-up interval,

shunt history, and total RT dose (all p< .05), whereas PRT and XRTCSI groups differed

on follow-up interval, baseline neurocognitive performance score, boost volume, and

CSI dose (all p< .05). The PRT focal group outperformed the XRT focal group on inhibi-

tion/switching (p = .04). The PRT CSI group outperformed the XRT CSI group on inat-

tention/impulsivity (both p < .05). Several clinical variables (i.e., RT dose, boost field,

baseline performance) predicted neurocognitive outcomes (all p < .05). The PRT focal

group performed comparably to population means on most neurocognitive measures,

while both CSI groups performed below expectation on multiple measures. The XRT

CSI group was most impaired. All groups fell below expectation on processing speed,

finemotor, and academic fluency (most p< .01).

Conclusions: Findings suggest generally favorable neurocognitive and academic long-

term outcomes following focal PRT. Impairment was greatest following CSI regardless

ofmodality. Dosimetry andbaseline characteristics are important determinants of out-

come alone or in combination withmodality.
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1 INTRODUCTION

Pediatric brain tumor survivors treated with cranial radiotherapy (RT)

experience increased risk of neurocognitive impairment. Declines in

global IQ1–3 as well as in specific cognitive domains (e.g., executive

function, attention, language, and finemotor control)4–9 are commonly

reported posttreatment. In addition, survivors experience worse aca-

demic outcomes, particularly on measures of academic fluency (i.e.,

ability to quickly complete basic reading, writing, and mathematics

tasks) relative to same-age peers.6,8,10,11

Cognitive and academic late effects have been studied for decades

in patients treated with conventional photon (or X-ray) RT (XRT). Yet,

it remains unclear if newer approaches, such as proton RT (PRT), yield

different neurocognitive risks. While delivering maximum radiation

dose to the target volume, PRT deposits less entrance dose and no

exit dose to surrounding nontarget tissue in contrast to XRT. Thus far,

reports indicate that PRT provides similar disease control as compared

to XRT, while potentially reducing late effects due to improved tissue

sparing.12,13

Given the limited availability and relative novelty of PRT, stud-

ies reporting neurocognitive outcomes in pediatric brain tumor sur-

vivors treated with PRT are few. To date, only three studies have

directly compared neurocognitive outcomes between pediatric brain

tumor patients treated with PRT versus XRT.14–16 A cross-sectional

study found that PRT patients had higher IQs as well as process-

ing speed scores as compared to XRT patients.14 In two longitudi-

nal studies,15,16 patients treated with PRT had stable IQ trajecto-

ries, while XRT patients had significant IQ decline. IQ trajectories

did not significantly differ between PRT and XRT groups in Kahal-

ley et al. (2016), so relative neurocognitive sparing was not defini-

tive post-PRT.15 However, in a later study of pediatric medulloblas-

toma survivors, PRTpatients had significantly better long-term IQ, per-

ceptual reasoning, and working memory outcomes versus XRT. Fur-

ther, XRT patients showed long-term declines in working memory and

processing speed domains. However, PRT patients were not invul-

nerable to post-RT effects, as they also showed declines in process-

ing speed.16 Of note, all three studies included retrospective clini-

cal data, where it is possible many patients underwent neurocogni-

tive evaluation for known or expected cognitive concerns. Further,

measures used to assess specific constructs (e.g., IQ) varied across

participants and across evaluations, which may have limited the abil-

ity to detect group differences. Intervals from radiation to evalua-

tion were also relatively short for the PRT group in all three studies

(2.6–3.7 years). Other neurocognitive studies in this population have

examined outcomes in PRT samples only or in comparison to patients

who did not receive RT, without comparison to XRT-treated patients.

In summary, across studies, early survivorship post-PRT has not been

associated with profound neurocognitive impairment,14–19 although

younger age at PRT15,18,19 and craniospinal irradiation (CSI)16,17,19

are risk factors for worse cognitive outcomes, and processing speed

has consistently emerged as a vulnerable neurocognitive domain

post-PRT.16–19

To our knowledge, this is the first comparison of neurocognitive out-

comes between pediatric brain tumor survivors treated with PRT ver-

sus XRT in late survivorship (7.2 years post-RT on average). We also

compared academic functioning, which is an outcome with significant

implications for real-world functioning20,21 but has been understud-

ied in this population. We hypothesized that survivors treated with

PRT would outperform those treated with XRT on cognitive and aca-

demic measures, while survivors treated with CSI XRT would exhibit

the greatest neurocognitive risk.

2 METHODS AND MATERIALS

2.1 Patients

The present study compares long-term neurocognitive and academic

outcomes in pediatric brain tumor survivors treated with PRT or XRT.

Patients were eligible for enrollment according to the following crite-

ria: (1) treated with a single course of RT for a primary brain tumor

with either PRT between 2007 and 2013 or XRT between 2001 and

2006, (2) no evidence of active disease at enrollment, (3) age ≥6 years

at evaluation, and (4) fluent in English. The timing of treatment defined

for the two groups corresponds to the shift in standard of care at our

institution fromXRT to PRT in 2007. Following approval from the Insti-

tutional Review Board (IRB), eligible patients were identified by med-

ical record review and were approached consecutively for enrollment

between 2011 and 2018. Informed written consent and assent were

obtained prior to participation. For those patients for whom cognitive

impairment prevented informed assent, consent provided by a parent

or legally authorized representative was deemed sufficient by the IRB.

The study achieved an 87.3% participation rate. Patients who declined

participation did not differ from enrolled participants by RT type, sex,

race, or histology (data not shown, all p> .05). Patients diagnosed with

brain stem glioma, high-grade glioma, or atypical teratoid/rhabdoid

tumors were excluded from participation due to our interest in long-

term neurocognitive outcomes. Data were excluded for patients who

could not complete testing due to profound cognitive or visual impair-

ment (n=5). The present study reports on the outcomes of 88 patients.

Medical and demographic characteristics for participants are reported

in Table 1.

2.2 Measures

All participants completed a comprehensive neurocognitive battery

with age-appropriate measures at the time of evaluation. Neurocog-

nitive variables are described in Table 2. Domains assessed included

full-scale IQ, verbal comprehension, perceptual reasoning, working

memory, processing speed, fine motor, switching (verbal and grapho-

motor), inhibition/switching, verbal learning, verbal memory, visual

learning, visual memory, attention, and reading, writing, and math

fluency. For all measures, standardized scores (standard score,
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TABLE 2 Description of measures

Domain Measure Variable Measure description Original scale

Full-scale IQ WISC-IV;WISC-V;WAIS-IV Full-scale IQ Composite measure of global intellectual

ability

Standard score

Verbal

comprehension

WISC-IV;WISC-V;WAIS-IV Verbal Comprehension

Index (VCI)

Composite measure of vocabulary, verbal

reasoning skill, verbal comprehension

ability, andword knowledge

Standard score

Perceptual

reasoning

WISC-IV;WISC-V;WAIS-IV Perceptual Reasoning

Index (PRI)

Composite measure of visuoconstructional

ability and nonverbal, fluid reasoning skill

Standard score

Workingmemory WISC-IV;WISC-V;WAIS-IV WorkingMemory Index

(WMI)

Composite measure of ability to temporarily

store andmanipulate information

Standard score

Processing speed WISC-IV;WISC-V;WAIS-IV Processing Speed Index

(PSI)

Composite measure of ability to complete

simple graphomotor tasks quickly

Standard score

Finemotor Grooved pegboard Dominant hand Task assessing speeded finemotor dexterity Standard score

Switching (verbal) DKEFS Verbal Fluency Category switching Measure of cognitive flexibility and rapid

retrieval of words

Scaled score

Switching

(graphomotor)

DKEFS Trail-Making Test Number–letter switching Measure of cognitive flexibility and ability to

maintain cognitive sets within working

memory

Scaled score

Inhibition/switching

DKEFS Color–Word

Interference

Inhibition/switching Task assessing cognitive flexibility and

inhibitory control

Scaled score

Verbal learning CVLT-C; CVLT-II Total recall trials 1–5 Ability to learn verbal information over

multiple learning trials

T-score

Verbal memory CVLT-C; CVLT-II Long delay free recall Delayed recall of verbal information z-Score

Visual learning NEPSY-II Memory for

Designs;WMS-IVMemory

for Designs

Immediate recall Immediate recall of visuospatial information Scaled score

Visual memory NEPSY-II Memory for

Designs;WMS-IVMemory

for Designs

Delayed recall Delayed recall of visuospatial information Scaled score

Attention

d’ CPT-II d’ Ability to discriminate between target and

nontarget information

T-score

Omissions CPT-II Omissions Measure of inattention T-score

Comissions CPT-II Comissions Measure of impulsivity T-score

Academics

Reading fluency WJ-III Reading Fluency Reading fluency Ability to read simple sentences quickly Standard score

Math fluency WJ-III Math Fluency Math fluency Ability to quickly solve basic math facts Standard score

Writing fluency WJ-IIIWriting Fluency Writing fluency Ability to write simple sentences quickly Standard score

Note: Standard scores: mean= 100, SD= 15; T-score: mean= 50, SD= 10; scaled score: mean= 10, SD= 3; z-score: mean= 0, SD= 1. Participants under the

age of 17 received theWISC-IV orWISC-V, CVLT-C, andNEPSY-II, and participants 17 and older received theWAIS-IV, CVLT-II, andWMS-IV.

Abbreviations: CPT-II, Conners’ Continuous Performance Test, 2nd Edition; CVLT-C, California Verbal Learning Test, Children’s Edition; CVLT-II, California

Verbal Learning Test, 2nd Edition; DKEFS, Delis–Kaplan Executive Function System; KCPT-II, Conners’ Kiddie Continuous Performance Test, 2nd Edition;

WAIS-IV,Wechsler Adult Intelligence Scale, 4th Edition;WISC-IV,Wechsler Intelligence Scale for Children, 4th Edition;WJ-III, Woodcock–Johnson III Tests

of Achievement;WMS-IV,WechslerMemory System, 4th Edition.

T-scores, scaled scores, z-scores) were computed using age norms.

All measures were then transformed into standard scores (M = 100,

SD= 15) to facilitate comparison acrossmeasures. Because theWISC-

V does not generate a PRI score, the publisher (NCS Pearson) provided

norms to calculate PRI scores in order to facilitate comparison of

scores across the WISC-IV, WISC-V, and WAIS-IV. Reliabilities for the

WISC-V PRI ranged from 0.93 to 0.95 for ages 6–16.22

2.3 Statistical analyses

The present study utilized a cross-sectional approach to examine neu-

rocognitive and academic scores from 88 patients at a single time

point in survivorship. Mean comparisons were conducted using least

square means to adjust for the contribution of a range of demographic

and treatment-related covariates. Primary analyses only included
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covariates onwhich the groups significantly differed in univariate anal-

ysis at p < .05. Given the known difference in neurocognitive risk

between CSI and focal RT as well as our interest in accounting for sig-

nificant covariates separately for these treatment groups, analyses of

outcomeswere conducted separatelywithin focal andCSI groups (PRT

vs. XRT in each case) using one-way analysis of covariance (ANCOVA).

Tukey HSD was utilized to adjust for type one error. Group means

were also compared to the standardized population mean (M = 100,

SD=15) using one-sample t-tests. The proportion of participant scores

falling in the impaired range was calculated based on a cut-off stan-

dard score of 78 (z < −1.5). Cohen’s d-effect sizes were calculated

for each treatment group in comparison to the population mean. A

small Cohen’s d-effect size is considered d = 0.20, a moderate effect

size is considered d = 0.50, and a large effect size is considered

d= 0.80.23

3 RESULTS

3.1 Patient characteristics

Patient characteristics by RT group are compared in Table 1. PRT and

XRT groups did not significantly differ on all demographic variables,

including gender, race/ethnicity, age, and socioeconomic status (SES)

(i.e., government assistance status, average household income). On

clinical comparisons, XRT focal patients had a longer follow-up inter-

val (8.7 vs. 6.3 years), were more frequently shunted, and received

higher total RT dose compared to PRT focal patients (all p < .05).

More XRT CSI patients received a full posterior fossa boost com-

pared to PRT CSI patients (p < .01). XRT CSI patients also had

a longer follow-up interval (9.8 vs. 5.9 years), received higher CSI

dose, and received lower Karnofsky/Lansky performance scores at

their first follow-up clinic visit compared to PRT CSI patients (all

p < .05). No other clinical differences were identified between RT

groups.

3.2 Population mean comparisons

Unadjusted means and standard deviations are provided in Table 3,

with bold numbers indicating scores that significantly deviated from

the standardized population mean (M = 100, SD = 15). All groups fell

significantly below the population mean on measures of processing

speed and fine motor coordination (most p < .01). On all other cog-

nitive measures, the PRT focal group did not differ significantly from

the population mean. In contrast, the XRT CSI group performed sig-

nificantly below the population mean on all cognitive measures apart

from attention tasks (most p < .01, d > 0.8). The XRT focal and PRT

CSI groups performed significantly below the population mean with

respect to FSIQ, verbal switching, and graphomotor switching (p< .05).

The PRT CSI group also performed significantly lower than the pop-

ulation mean on measures of verbal learning (p < .01) as well as ver-

bal memory and visual learning (p < .05). Regarding academic fluency,

all four groups performed significantly below normative standards on

measuresofmathandwriting fluency (mostp< .01). ThePRTCSI group

and both XRT groups also performed significantly below expected lev-

els on a measure of reading fluency (all p < .01). Figure 1 graphi-

cally depicts the unadjusted means, demonstrating that the PRT focal

group tended to receive the highest scores across most cognitive and

academic measures. In contrast, the XRT CSI group tended to per-

form worse than the other three groups on cognitive and academic

measures.

The proportion of patients with impaired performance is also pre-

sented in Table 3. More than 50% of the XRT CSI group was impaired

on all three academic fluency measures and most cognitive measures.

The percentage of impairment in thePRT focal group ranged from3.3%

to 33.3% across measures, with the greatest impairment observed

on timed tasks and those with motor demands. Percent impairment

ranged from 7.7% to 53.9% in the XRT focal group and from 10.7% to

60.7% in the PRT CSI group.

3.3 Radiation group comparisons

ANCOVA results are provided in Table 4. When controlling for clinical

variables that significantly differed between focal groups (shunt place-

ment, total radiation dose, follow-up interval), the PRT focal group sig-

nificantly outperformed the XRT focal group on ameasure of inhibition

and switching (p< .05). No significant group differenceswere observed

on other cognitive or academic outcomes for the PRT and XRT focal

groups.However, ANCOVAresults identified significant effects of total

radiation dose for verbal switching (F[1,34] = 7.14, p = .01) and writ-

ing fluency (F[1,38] = 4.69, p = .04) when accounting for RT group

and other covariates. For the CSI groups, when controlling for clinical

variables that significantly differed (Karnofsky/Lansky score, CSI dose,

full posterior fossa boost, follow-up interval), the PRT CSI group sig-

nificantly outperformed the XRT CSI group on measures of inatten-

tion and impulsivity (both p < .05). No significant group differences

were observed on other cognitive or academic outcomes for the PRT

and XRT CSI groups. However, several treatment-related covariates

emerged as significant predictors. Full posterior fossa boost signifi-

cantly predicted processing speed (F[1,30]= 5.15, p= .03), inattention

(i.e., CPT d’) (F[1,26] = 5.11, p = .03), reading fluency (F[1,31] = 4.90,

p = .03), math fluency (F[1,31] = 4.22, p < .05), and writing fluency

(F[1,31] = 8.64, p = .01) within the context of the full model. Karnof-

sky/Lansky performance was also a significant predictor of process-

ing speed (F[1,30] = 4.61, p = .04), inhibition/shifting (F[1,27] = 9.59,

p< .01), and writing fluency (F[1,31]= 5.57, p= .02) for the CSI groups

when accounting for RT group and other covariates in the full model.

4 DISCUSSION

This study provides further evidence of good outcomes following focal

PRT, consistentwith extant research.14,15,24 Patients treatedwith focal

PRT performed within normal limits on most cognitive and academic
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F IGURE 1 Performance on cognitive and academicmeasures across groups. Populationmean for all measures is a standard score of 100with
a standard deviation of 15

measures and generally performed comparably to normative sam-

ples of typically developing children. Even weaknesses in processing

speed, fine motor, and academic fluency skills fell just below the aver-

age range, indicating clinically mild challenges in these areas for this

group.

In contrast, the focal XRT group performedworse than expected for

age on global intellectual functioning, cognitive domains traditionally

associatedwith RT late effects (processing speed, finemotor, executive

functioning), and academic fluency skills. While comparisons of PRT

and XRT focal groups (controlling for covariates) only found significant

group differences on a measure of executive functioning, this impli-

cates increased risk for daily living challenges in XRT focal patients,

as executive dysfunction predicts poorer long-term adaptive function-

ing skills (e.g., social skills, community independence) in survivors.25

Of note, total radiation dose differed between focal groups and pre-

dicted switching and writing fluency skills, indicating that dosimetry

impacted some domains of functioning regardless of radiation modal-

ity. In general, however, we may have been underpowered to detect

differences between focal groups. Alternatively, advanced XRT tech-

niques may provide enough conformality that there is no measurable

cognitive advantage of PRT for focal radiation.

It is well documented that CSI radiation confers the greatest neu-

rocognitive risk.5,15 The XRT CSI group in this study was particularly

impaired, with 76% exhibiting clinically impaired global intellectual

functioning and 53–88% demonstrating impaired performance across

all cognitive and academic fluency tasks (except a computerized atten-

tion task). This group’s performance is lower than published literature

(e.g., reported group FSIQ means range from 82 to 871,14). This may

be due, in part, to the longer follow-up interval in the present study

(9.8 years vs. 5.21 to 6.714 years), as cognitive functioning appears to

decline over time in XRT CSI patients,2,26 or because long-term clini-

cal follow-up in our cancer center or participation in this type of study

may attract survivors with significant cognitive concerns or ongoing

challenges.
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The proton CSI group also showed below-average performance in

general intellectual functioning and cognitive domains traditionally

sensitive to RT (e.g., working memory, processing speed, fine motor,

executive functioning, memory), consistent with some existing proton

outcomes research,17,24 as well as academic fluency tasks. A smaller

proportion of the PRT CSI group performed in the impaired range on

these measures versus XRT CSI, with 29% demonstrating impaired

FSIQ and 14–60% in the impaired range across cognitive and academic

fluencymeasures (except for attention), suggesting broadly better out-

comeswithin the PRTCSI group. However, after accounting for covari-

ates, the only statistically significant difference between XRT and PRT

CSI groups was on a measure of attention. Notably, the groups dif-

fered on clinical variables (i.e., boost volume, CSI dose, follow-up inter-

val, Karnofsky/Lansky scores), which, themselves, are associated with

greater cognitive risk.2,15,27,28 Indeed, baseline Karnofsky/Lansky per-

formance scores (an indicator of general performance status at the first

postoperative outpatient clinic visit) and receiving a boost to the full

posterior fossa (rather than to the tumor bed and margin only) signifi-

cantly predicted a range of outcomes within the CSI group, emphasiz-

ing the role of radiation field and early functional outcomes (and poten-

tially surgical complications) in predicting long-term cognitive out-

comes independent of treatment modality. While superior cognitive

outcomes have been detectedwith PRT compared to XRT in a homoge-

nous sample (medulloblastoma only) treated with CSI according to the

same protocols,16 the diagnostic heterogeneity of the present sample

and differences in radiation field between groups may have prevented

our ability to detect differences in cognitive outcomes attributable to

RTmodality.

Of note, academic fluency, processing speed, and fine motor coor-

dination emerged as areas of relative weakness across all RT groups,

including PRT focal. Processing speed was the lowest index on stan-

dardized intelligence measures for all groups and likely contributed to

the full-scale intelligence quotient deviating from the populationmean

in the XRT focal and PRT CSI groups, particularly given relatively pre-

served performance on measures of verbal comprehension and per-

ceptual reasoning. The processing speed findings are consistent with

recent research,17–19 but conflict with findings by Gross et al. (2019)

that documented processing speed within normal limits (i.e., standard

score ≥90) for the PRT focal group. This is perhaps a minor differ-

ence given the relatively large standard deviation in the present study

and the comparably large confidence interval in the Gross et al. (2019)

study. Thus, these differencesmay be the product of small sample sizes

and limited power. Of note, academic fluency and processing speed

tasks all involved fine motor demands, so lower performance on these

tasks may be attributable in part to fine motor limitations (although

fine motor demands for reading fluency were minimal). Nevertheless,

academic fluency supports more advanced academic skills (e.g., read-

ing comprehension, math problem solving, written expression) by free-

ing cognitive resources to complete complex tasks.29–31 Thus, broader

academic skill development may be at risk in survivors, particularly in

treatment groups (both CSI groups, XRT focal) with difficulties in exec-

utive functioning domains that support academic growth.32–34 Our

results suggest that academic fluency, processing speed, and finemotor

dexterity warrant continued close monitoring in survivors, regardless

of RTmodality and technique.

Compared to previous work,14–16 the present study has sev-

eral methodological advantages that improve generalizability of find-

ings. First, this study has a longer follow-up interval as compared

to extant research.14–16 Next, while previous studies utilized clin-

ical data from patients referred for evaluation,14–16 patients on

this study received standard research assessment independent of

clinical concerns or referrals. Third, SES did not differ between

groups, in contrast to Gross et al. (2019). As lower SES is itself

associated with cognitive and academic risks,35–37 group differ-

ences in SES complicate interpretation of cognitive and academic

differences.

Several study limitations should be considered. Families with

greater concerns about a patient’s cognitive functioning may have

been more likely to participate. Similarly, patients with worse out-

comes may be more likely to stay engaged in follow-up in pediatric

oncology centers, which may have resulted in a more impaired sam-

ple, particularly in the XRT CSI group. Patients were not randomized

to RT groups given the practical and ethical barriers preventing such

randomized controlled trials. The sample size is relatively small, and

the sample is heterogeneous in terms of medical variables (e.g., tumor

type, location, chemotherapies). While we attempted to minimize dif-

ferences in follow-up interval by examining the last available cohort

of XRT patients and comparing these patients to the first available

cohort of PRT patients, PRT patients were treated more recently than

XRT patients and, consequently, there was less time for late effects to

emerge. There is also the potential that treatment differences across

groups (e.g., reductions in boost volume, changes in chemotherapy

regimens, advancements in surgical procedures) influenced outcomes

to some extent. Further, as the study is cross-sectional, we are lim-

ited in our ability to extrapolate changes in cognitive functioning over

time. Finally, PRT is likely a surrogate for lower brain dose. To best

understand any relative cognitive advantage realized from PRT and to

inform treatment planning, future research should examine associa-

tions between specific brain region/structure dosimetry and cognitive

skill development.

5 CONCLUSIONS

Overall, survivors treated with CSI are at greatest cognitive and aca-

demic risk, although risks may be less with PRT CSI versus XRT CSI.

While differences between focal groups were less definitive in this

study, age-appropriate performance within the focal PRT group on

nearly all measures indicates generally good outcomes following treat-

ment. Regardless of RT dose, field, and modality, survivors of pediatric

brain tumor require neurocognitive surveillance, as recommended in

the Children’s Oncology Group survivorship guidelines,38 to ensure

timely identification of deficits and provision of appropriate accommo-

dations and services.
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